The mechanisms of plant membrane water permeability have remained elusive until the recent discovery in both vacuolar and plasma membranes of a class of water channel proteins named aquaporins. Similar to their animal counterparts, plant aquaporins have six membrane-spanning domains and belong to the MIP superfamily of transmembrane channel proteins. Their very high efficiency and selectivity in transporting water molecules have been mostly characterized using heterologous expression in Xenopus oocytes. However, techniques set up to measure the osmotic water permeability of plant membranes such as transcellular osmosis, pressure probe measurements, or stopped-flow spectrophotometry are now being used to analyze the function of plant aquaporins in their native membranes. Multiple mechanisms, at the transcriptional and posttranslational levels, control the expression and activity of the numerous aquaporin isoforms found in plants. These studies suggest a general role for aquaporins in regulating transmembrane water transport during the growth, development, and stress responses of plants. Future research will investigate the integrated function of aquaporins in long-distance water transport and cellular osmoregulation.
INTRODUCTION
Because of their lack of mobility in an often challenging environment, plants depend on a supply of water for their growth and development and have to tightly control water balance. Numerous studies have addressed the overall physiological and biophysical mechanisms of plant water relations (7, 14, 104) and pointed to a variety of physiological processes, from long-distance water transport to single cell expansion and osmoregulation, that require the transport of water across cellular membranes (7, 104) . However, the mechanisms of plant membrane water permeability have remained elusive until the recent discovery in animals and plants of a class of water-transport proteins named aquaporins (3, 11) . These water channel proteins facilitate the passive exchange of water across membranes, and their discovery in plants emphasized the limitation that transmembrane water transport may exert on a number of physiological processes (12) . Their discovery also suggested the existence of yet to be discovered regulatory processes that might be critical to plant water relations.
The first aim of this review is to bridge the gap between the new molecular insights made possible by the discovery of aquaporins and a wealth of information reported over the years by plant physiologists and biophysicists. The significance of aquaporins for our understanding of plant water relations and the experimental and theoretical perspectives that they open are also discussed.
BACKGROUND
In plants, transmembrane water movements are primarily determined by hydrostatic and osmotic pressure gradients, respectively noted ∆P and ∆π (14, 105) .
The buildup of a hydrostatic pressure or turgor is made possible by the mechanical resistance of the cell wall whose relation to cell volume is characterized by the elastic modulus (ε) (105) .
The osmotic driving force ∆ψ osm can be expressed as ∆ψ osm = σ∆π = σRT∆C.
1.
It is determined by the solute concentration gradient (∆C) but also by the solute reflection coefficient (σ) for the membrane (R is the universal gas constant, T is absolute temperature) (22) . This σ coefficient quantifies the membrane selectivity for the solute and determines its osmotic efficiency. In most cases, the solute cannot significantly permeate the membrane or at most at a rate several orders of magnitude less than water, and σ is maximal and equal to unity. However, σ may take lower values and is null (no osmotic effect) when the solute permeates the membrane as efficiently as water (22) .
The basic flow equation (Equation 2 ) that governs transmembrane water transport has been derived from the theory of irreversible thermodynamics (14, 53, 105) . It dictates that, if only one solute is considered, the net transmembrane volume flow J v is proportional to the motive force (∆P-σ∆π), and the surface area (A) and the hydraulic conductivity (L p ) of the membrane. J v = L p A (∆P-σ∆π).
2.
This equation emphasizes the major role played, besides σ and ε, by L p , which describes the intrinsic permeability of the membrane to water. L p can be converted into P f , the osmotic water permeability or filtration coefficient according to P f = L p RT / V w , 3. where R and T have their usual meaning and V w is the partial molar volume of water (22) . Examining the biophysical, molecular, and physiological significance of these parameters, P f and L p , is the object of this review. Reviews that cover all aspects of plant water relations can be found elsewhere (7, 104) .
MEMBRANE WATER PERMEABILITY MEASUREMENTS
While P f describes overall water movement in response to hydrostatic or osmotic pressure gradients, the diffusional permeability coefficient (P d ) describes the unidirectional flux (diffusion) of water molecules that still occurs across the membrane without any driving force (22) . Although of lesser physiological significance, this parameter gives an estimate of the membrane water transport capacity and, when compared with P f , provides valuable information about the biophysical mechanisms of water permeation (see below).
Diffusional Water Permeability
All early measurements of plant cell and tissue diffusional water permeability were performed using heavy (HDO) or tritiated (HTO) water (28, 40, 101). However, the rapid diffusional water exchange rates and, above all, unstirred layer effects render diffusional water permeability (P d ) measurements using these tracer flow techniques very difficult (14, 22, 105) . Unstirred layer effects were especially prominent when P d was determined in multicellular plant systems or in cells with high water permeability; most of the reported values (101) may well be spurious. Recently, Henzler & Steudle (34) measured the P d of Chara internodal cells taking advantage of the osmotic (solute-like) effects of HDO and following its diffusion by means of a pressure probe (see below). Proton nuclear magnetic resonance ( 1 H-NMR) provides approaches to circumvent the extracellular unstirred layer artifacts and permits probing of water compartments in intact plant tissues (77, 100, 110, 135a) . Membrane water permeability can be derived from saturation transfer (77) or more commonly from relaxation times of intracellular water protons. For this, the 1 H-NMR signal of the water molecules residing in the extracellular space or diffusing from the intracellular space is doped by an extracellular paramagnetic ion such as Mn
2+
. However, the P d values deduced from these measurements greatly depend on assumptions about the penetration and compartmentation characteristics of the paramagnetic agent into the plant cell or tissue (100, 110, 135a) and can still be dominated by intracellular unstirred layers (110) .
Osmotic Water Permeability
The overall exchange of water induced osmotically in intact tissues or organs can provide indications on cell water permeability (25, 32). More direct estimates of osmotic water permeability (P f ) in single plant cells were first obtained by the plasmometric method (reviewed in 102). A preliminary plasmolysis separates the plant protoplast from any interaction with the cell wall, and P f values are derived from the rate of protoplast swelling observed upon a subsequent hypotonic treatment. This technique has been criticized (51, 137) mostly because of its low resolution due to the restricted diffusion of the osmoticum and/or unstirred layers in the plant cell walls. These drawbacks have recently been avoided through the direct micromanipulation of isolated protoplasts (91) .
The giant internodal cells of the Characeae provide convenient materials for studying membrane transport and allowed in particular P f measurements by means of transcellular osmosis (51) . For this, the two ends of a cell are brought into contact with external media of different osmolarities. This creates a transcellular water flow from the less to the most concentrated compartment, whose rate indicates the cell P f . Despite pitfalls due to intracellular osmotic polarization (15, 51) , this methods provides P f measurements with little change in cell volume and turgor. It also allows an easy distinction between endo-(inward) and exo-(outward) osmotic water movements.
In contrast with transcellular osmosis, the pressure probe technique can be applied to giant algal cells but also to normal-sized higher plant cells (reviewed in 103, 136 ). An oil-filled microcapillary is inserted into the cell and its coupling to a mechanical device allows to primarily measure or clamp the cell turgor pressure. Water movement is generated upon imposition of a sudden osmotic or hydrostatic pressure gradient and can be followed through the associated turgor pressure relaxation. Alternatively, volume relaxations can be followed under pressure-clamp conditions (135) . These types of measurements allow the successive determination of the cell volumetric elastic modulus, the cell hydraulic conductivity, and the membrane solute reflection coefficients, which together define the plant cell water relation (103, 136) . Another great potential of the pressure probe is that it allows in situ measurements on individual cells under osmotic or hydrostatic conditions (108, 112) . However, owing to technical difficulties, this technique has only been applied to a restricted number of higher plant cell types. Two other drawbacks hamper its application to the direct analysis of membrane water transport. First, the respective contributions of the membranes and cell-to-cell connections (plasmodesmata) can hardly be distinguished in the overall cell L p . Second, because the probe is inserted into the vacuole, the cell L p integrates the resistance in series of the tonoplast and the plasma membrane. This restriction applies to nearly all techniques described above and has long been recognized as a main difficulty in interpreting water transport measurements in plant cells (14, 28, 124) . In Chara, these difficulties could be circumvented by the selective disruption of the tonoplast (58) or by a three-compartment analysis of turgor relaxation kinetics (124, 125) .
More recently, optical methods (reviewed in 117) have been applied to measuring the P f of purified plant membrane vesicles (81, 96) . The mixing of a vesicle suspension with an anisoosmotic solution is accomplished in <5 ms in a stopped-flow apparatus. The subsequent osmotic adjustment of the sealed vesicle volume can be followed, for instance, from the simultaneous change in scattered light intensity. A P f value can be derived from both the time course of vesicle volume adjustment and the vesicle size, determined by an independent technique such as electron microscopy.
A Wide Range of Measured Permeabilities
Early estimates (14, 101) of plant membrane water permeability ranged over more than three orders of magnitude. Because of methodological uncertainties, this variability could hardly be interpreted at that time (14) . Since then, novel methods have been developed and their reliability assessed. For instance, consistent P f values of Chara cells can be measured using either transcellular osmosis or a pressure probe ( 
EMERGENCE OF WATER CHANNELS IN PLANT PHYSIOLOGY

The Red Blood Cell Paradigm
The lipid phase of membranes was long considered the major path for water exchange in living cells. Transport along this path is based on the solubil-ity/diffusion of individual water molecules into the phospholipid bilayer and is characterized by equal P f and P d and a high Arrhenius activation energy (E a = 14-16 kcal • mol −1
) (22, 30) . The determination of a P f /P d greater than unity in the erythrocyte and other animal cell membranes has been the first experimental evidence for transmembrane aqueous pores that would mediate, as theoretically predicted, an apparent positive interaction during osmotic water flow (59, 83) . The low E a (<5 kcal • mol −1 ) of this process in erythrocytes further suggested the existence of a bulk flow of water across membrane pores (66, 116) . That the red blood cell water channels might contain a proteinaceous component was inferred from their reversible blockade by mercury sulfhydryl reagents (66) .
Early Evidence for Plant Water Channels
The possible existence of aqueous pores in plant membranes was discussed in the early 1960s by Ray (92) and Dainty (14) . To investigate this possibility, Gutknecht (28) determined the P f /P d ratio of Valonia cells. Its value close to unity and the low measured value of P f of these cells (2.4 × 10 −4 cm • s Table 1 ) suggested the absence of aqueous membrane pores. Probably because of the well-recognized artifacts caused by unstirred layers in such an experiment (14) , this was, until recently (34), the only report of P f /P d in a plant membrane ( Table 1) .
The dependence of water transport on temperature was also characterized in several plant systems (15, 26, 40) . The derived E a values, higher than the E a for free water diffusion or water diffusion in dead tissues, were interpreted to mean that plant membranes, and more specifically aqueous pores (15) , may create an impediment to water flow. However, E a has not been used until recently to distinguish between lipid-and channel-mediated water transports. The search for inhibitors of water transport in plants led to the eventual use of mercury derivatives (26, 40). Although these compounds were suggested to directly alter the permeability of plant membranes (40), they were used in most cases as general metabolic inhibitors (26).
Actually, it was generally assumed that, if present, aqueous pores in plant membranes should allow the simultaneous flow of water and solutes. This led to the search of possible frictional interactions between solute and water in the membrane that yield σ values inferior to unity. Now that the very high transport selectivity of aquaporins has been demonstrated (see below), it appears that the absence of such friction (σ = 1) (29) is not evidence against the presence of aqueous pores. In contrast, Dainty & Ginzburg (16) and others (107) noticed-and this argument still remains valid (106) -that the σ values for organic molecules in Characeae cells are so low that this must reflect the presence of water-filled pores. Nevertheless, the characterization of membrane permeability in Characeae cells progressively led to the idea that solute transport, but also most of the osmotic flow of water, occurs across membrane pores in these cells (55, 121, 122) . For instance, Wayne & Tazawa (121, 122) , prior to the molecular identification of animal and plant aquaporins, presented most of the now classical arguments favoring membrane water channels and clearly demonstrated their major contribution to osmotic water transport.
Surprisingly, this view remained marginal in plant physiology. High P f values (>10 −2 cm • s
) had been measured in several higher plant cell types and might have suggested water-channel-mediated transport. Yet the prevailing idea was that the reported range of P f could be accounted for by water diffusion across plant lipid membranes of distinct composition (102) . This view can indeed be supported by studies with artificial membranes that reported P f values ranging from 2 × 10
was scarcely investigated (27, 96) using plant lipid membranes.
Molecular Identification of Plant Aquaporins
The abundance of aquaporins in plants is undoubtedly the main reason that led to their redundant identification by biochemical and molecular biological approaches, well before their function was clearly identified. The high hydrophobicity of these intrinsic membrane proteins also facilitated their biochemical purification. The α-Tonoplast Intrinsic Protein (α-TIP), for instance, represents 2% of the total extractable proteins of bean cotyledons and could be easily purified by Triton X-114 extraction and partitioning into the detergentrich phase (46) . Surprisingly, the epitopes carried by aquaporin-like proteins in plant membranes are so prominent that several polyclonal antibodies raised to total purified plasma membranes or tonoplasts were found to mostly react with these proteins (52, 70) . A large class of Arabidopsis plasma membrane aquaporins was thus isolated using such antibodies, by immuno-selection from a mammalian COS cell expression system (52) . Several aquaporins such as γ-TIP are also some of the most abundantly expressed sequence tags (ESTs) in Arabidopsis and were repeatedly identified in systematic cDNA sequencing a PM, Plasma membrane; TP, tonoplast; ves., vesicles. b P d : Diffusional water permeability coefficient; P f : osmotic water permeability coefficient. When not provided by the authors, P f values were derived, for comparison with other P f values, from the indicated L p values according to Equation 3 , with T = 293 K. P f and P d values are indicated ± SD. c C Maurel, F Tacnet, J Güclü, J Guern & P Ripoche, unpublished manuscript programs (35). Finally, the modulation of aquaporin gene expression in response to various physiological stimuli has also led to their identification by procedures such as the differential screening of cDNA libraries (49, 86, 126, 127) . γ-TIP and RD28 were thus identified as genes up-regulated by, respectively, gibberellic acid (GA 3 ) and drying treatments (86, 127) . More recently, the duplicated Asn-Pro-Ala (NPA) motifs conserved in the aquaporin amino acid sequences (see below) have provided a unique region for the PCR amplification of putative aquaporin genes. The archetypal animal water channel CHIP28, subsequently renamed aquaporin-1 (AQP-1), was also first identified by biochemical means in the erythrocyte membrane (reviewed in 116). The work of Preston et al (87), who hypothesized from the expression pattern of CHIP28/AQP-1 that it might correspond to one of the long sought after water channels of the red blood cell and kidney epithelia, has proved to be a major breakthrough for animal and plant biologists (11) . Evidence that plant aquaporins facilitate the transport of water across membranes comes from the observation that these proteins, similar to AQP-1, induce a specific and mercury-sensitive increase in the P f of Xenopus oocyte membranes (75) . The two other criteria that functionally define water channels, i.e. a low E a and a P f /P d > 1, have been demonstrated for AQP-1 (71, 87) . This and the reconstitution of functional water channels in proteoliposomes containing the purified protein (115, 130, 131) have provided unequivocal evidence that AQP-1, and by extension its functional animal and plant homologs, have an intrinsic water transport activity.
MOLECULAR FEATURES OF WATER CHANNELS
The aquaporins define a functional class of water-transport proteins that belong to the larger Major Intrinsic Protein (MIP) family of transmembrane channels (3). This ancient family was named after its archetype, the MIP of mammalian lens fiber, and includes members in a wide variety of living organisms (93) . At present, aquaporins have been identified in vertebrates, higher plants, bacteria, and insects (8, 63, 75, 87) .
MIP Homologs, Aquaporins and Other Water-Transport Proteins
Sequences available in the gene data banks indicate that the large MIP family of membrane channels is even more extended in plants than in animals (93 (118) . However, most of the plant MIP proteins and cDNAs remain to be functionally characterized. While they potentially represent novel aquaporins, they may also encode transmembrane channels for other substrates. The bacterial MIP homolog, GlpF, for instance, facilitates the diffusion of small polyhydric alcohols but is not permeable to water (33, 75, 76) . The function of mammalian MIP, as an ion or a water channel, remains controversial (54, 118) . The water transport activity of soybean nodulin-26 remains to be determined, but the purified protein was shown to form large conductance ion channels in artificial membranes (123).
Protein-mediated transmembrane transport of water is not necessarily due to aquaporins. Because they contain a hydrated path, all membrane transport proteins have a finite permeability to water. It was found, for instance, that in most ion channels the transport of one ion is coupled to that of 5-10 water molecules, which correspond to the number of water molecules filling the constriction of the pore (4, 22) . Higher water transport activities have been assigned to animal membrane proteins such as the cystic fibrosis transmembrane conductance regulator (CFTR), glucose transporters, or inorganic ion cotransporters (reviewed in 132). In plants, the tonoplast of Chara internodal cells contains a channel that allows the coupling of 25 molecules of water with a single K + ion (39). The inhibition of water transport in Chara cells by K + channel blockers (122) provides evidence that either nonclassical aquaporins or other proteins can significantly contribute to the P f of plant membranes. Nevertheless, with a unit permeability of 3-12 cm 3 • s −1 (115, 130, 131) , the water transport efficiency of aquaporins is at least 20 times greater than that of any other known protein.
Aquaporins Are Expressed in the Plant Vacuolar and Plasma Membranes
The sequence relationship between all plant MIP-like cDNAs (126) indicates that the encoded proteins fall into three sequence subclasses. The first two classes contain, respectively, the Tonoplast Intrinsic Proteins (TIP) and the Plasma membrane Intrinsic Proteins (PIP) that have been localized in the tonoplast and in the plasma membrane. This was shown by several groups using immunocytochemistry (36, 46, 48) and protein immunodetection in isolated organelles (36) or purified membrane fractions (18, 48, 52, 68) . The third class comprises nodulin-26, which is expressed in the peribacteroid membrane of root symbiotic nodules (23) . However, the localization of nodu lin-26 homologues in nonlegumes remains to be determined.
Molecular Structure of the Aquaporin Water Channel
All of the known aquaporin cDNAs typically encode 25-30 kDa polypeptides (116, 118) . Although the overall identity among MIP homologs might fall under 25%, their amino acid sequences contain very well-conserved residues including a SGxHxNPAVT motif (NPA box) (Figure 1; 93) . Sequence analyses also suggest that the MIP gene family arose after an early intragenic duplication. Thus the amino-and carboxy-terminal halves of the proteins share sequence homology, each possess a NPA box, and each is oriented in opposite directions in the membrane (Figure 1; 93) . The conserved hydropathy profiles deduced from MIP-like cDNAs suggest a typical structure, with six putative membrane-spanning segments and cytoplasmic amino-and carboxy-terminal domains (Figure 1; 93) . Experimental evidence for this topological model mostly comes from the analysis of vectorial proteolysis at defined epitopes introduced in recombinant AQP-1 (89) . Phosphorylation and glycosylation studies with other animal and plant MIP homologues are consistent with such a model (6, 74, 79) . The low electrophoretic mobility of native plant aquaporins (68) and their propensity to aggregate in vitro suggested that they may occur as oligomers in plant membranes (17, 18, 46, 52, 68) . This view is consistent with size exclusion chromatography and hydrodynamic analyses of native AQP-1 that determined a stoichiometry of 4 subunits per oligomer (99) . Recently, X-ray and electron diffraction of two-dimensional crystals of AQP-1 yielded high resolution projection maps. These maps depict a structural motif of 6-7 nm in diameter with a central depression and four trapezoid subunits, each displaying 6-7 putative transmembrane segments (43, 80, 119) .
Although aquaporins assemble in homotetrameric or even more organized structures, radiation inactivation analyses indicated a functional size of 30 kDa for animal water channels (114) . In addition, the coexpression in Xenopus oocytes of wild type AQP-1 monomers with inactive permeability mutants indicated no dominant negative effects of the latter (88, 97, 133) . These data suggested that in animals, and probably in plants as well, each aquaporin monomer forms a functionally independent pore (118) .
Mercury derivatives have been extensively used to probe the molecular structure of water channels. They are thought to block these channels via oxidation of cysteine residue(s) proximal to the aqueous pore and subsequent occlusion of the latter by the large mercury ion. The mercury-sensitive sites of AQP-1 and vasopressin-regulated AQP-2 have been identified at, respectively, Cys189 and Cys181, each in the third extracytoplasmic loop next to the second NPA box (6, 88, 133) . The functional importance of this and of the symmetrical loop carrying the other NPA box (see Figure 1) was also suggested by the converse observation that animal and plant mercury-resistant proteins can be sensitized to the inhibitor by introduction of target cysteine residues in either of these domains (18, 47, 98) . However, the cysteine residues that confer mercury sensitivity to plant γ-TIP and δ-TIP sit in the third transmembrane segment, on the hydrophilic side of a putative amphiphilic α-helix (17) . This points to another domain that possibly lines the aqueous transmembrane pore.
FUNCTIONAL STUDIES OF PLANT WATER CHANNELS
Heterologous Expression of Plant Aquaporins in Xenopus Oocytes
The capacity of Xenopus oocytes to translate intracellularly injected mRNAs, their large size, and the relatively low P f (≤1 × 10 −3 cm • s ) of their native membrane make these cells convenient for the functional expression of watertransport proteins (134) . Oocytes are classically incubated in isoosmotic con-ditions for few days after mRNA injection to allow exogenous protein expression. The initial rate of cell swelling observed upon subsequent transfer of the oocytes into a hypoosmotic solution indicates their membrane P f (134) . Similar to animal AQP-1 (87), several plant MIP homologs of either the tonoplast or the plasma membrane (18, 52, 75) were found to induce a 2-20-fold increase in the P f of the oocyte membrane and were thus identified as novel aquaporins (Table 2 ). Oocyte expression also provides powerful approaches to study aquaporin topology (89) , oligomer assembly (97), posttranslational regulation (60, 74) , transport selectivity (75), and structure-function relationships (47).
Contribution of Aquaporins to Membrane Water Transport
Because most studies on plant aquaporins have been performed after heterologous expression of proteins in oocytes, several groups are now concentrating on the study of water channels in plant membranes (34, 81, 122) (C Maurel, F Tacnet, J Güclü, J Guern & P Ripoche, unpublished manuscript). In all these experiments, aquaporin function was probed through mercury inhibition. Because some plant and animal aquaporins are resistant to mercury action (18, 31) , this approach only indicates the minimal contribution of water channels to the total water transport capacity of the membrane. Nevertheless, 1 mM mercuric chloride (HgCl 2 ) can reduce by more than 80% the P f of tonoplast vesicles purified from tobacco suspension cells (C Maurel, F Tacnet, J Güclü, J Guern & P Ripoche, unpublished manuscript). The high intrinsic water permeability of these membranes (P f = 6 × 10 −2 cm • s ) provide additional evidence that water transport in these vesicles occurs predominantly through membrane channels. In contrast, plasma membrane vesicles isolated from the same tobacco cells exhibited a low P f (6 × 10 −4 cm • s
) and a high E a (∼14 kcal • mole
), both indicative of a low density of functional aquaporins, if any. The membranes of Chara and Nitellopsis cells are also highly permeable to water, and mercurials reduced their P f by up to 70 and 30%, respectively (34, 122). This inhibition was associated with either a decrease in P f /P d (34) or a twofold increase in E a (122) , both indicating the blockade of pore-mediated transport. Although these studies indicate that the high water permeability of certain plant membranes is mainly accounted for by water channel activities, they provide no molecular identification of the corresponding channel proteins. To address this question, Kaldenhoff et al (48) have used transgenic Arabidopsis that constitutively expressed antisense PIP1b aquaporin transcripts and displayed an associated 40-80% reduction in PIP1a and PIP1b mRNA levels (R Kaldenhoff, personal communication). The osmotic swelling of isolated protoplasts was three-to fourfold slower in transgenic protoplasts than in controls, suggesting that PIP1 aquaporins significantly contribute to water transport in these cell membranes (48).
Transport Selectivity
Well before the molecular identification of aquaporins, indirect evidence suggested a reasonably high selectivity for animal and plant water channels (55, 66) . For instance, the water permeability of Chara cell membranes can be modulated without change in electrical conductance, suggesting the existence of two distinct paths, for water and ions, respectively (55) . More recently, the selectivity of plant aquaporins has been directly supported by the observation that neither γ-TIP nor α-TIP has detectable effects on glycerol and ion transport in oocytes (74, 75) . In particular, current measurements during osmosis did not indicate any detectable passive ion permeability or any solvent-drag of ions in conditions where the water channels were known to operate, indicating the eventual passage of at most 1 ion for every 2 × 10 5 water molecules (75) .
This view has recently been challenged by the finding that when stimulated by forskolin in the oocyte membrane, animal AQP-1 exhibits a high permeability to cations (129) . Using the pressure probe technique, Henzler & Steudle (34) investigated the selectivity of plant water channels directly in the membrane of Chara cells. Mercury was found to reduce the membrane permeability to water but not to solutes such as dimethyl formamide, ethanol, or acetone. This indicates that the major transport path for these solutes is not through water channels but rather through the lipid bilayer. Using a theoretical treatment of membrane organization as a composite structure with arrays of water channels and others with lipid phase, Henzler & Steudle (34) further calculated reflection coefficients for these solutes along the water channel path. These coefficients were less than unity and were interpreted to mean that these molecules can permeate the channel pore, though at a very slow rate, and develop strong frictional interactions with water molecules. Recent investigations using oocyte expression have also revealed basal permeabilities of animal aquaporins to small solutes such as urea, ethylene glycol, and glycerol but not to larger molecules (2, 20, 42) . α-TIP and γ-TIP displayed a selectivity in these assays higher than that of their animal counterparts (1) . It remains to be determined whether plant cells possess other aquaporins that, similar to animal AQP-3, discriminate poorly between water and small neutral solutes (20, 42) . Nevertheless, our current knowledge of plant aquaporin selectivity, and their assumed capacity to exclude protons (75, 131) , points to the remarkable capacity of these proteins in improving the semipermeable characteristics of plant membranes.
Mechanisms of Water Permeation
The molecular bases of water channel selectivity are currently unknown (118) . These channels have been assumed to form narrow pores of 0.3-0.4 nm in diameter that would exclude any molecule larger than water (55, 66) . Water molecules would flow one by one in the constriction of the pore, and the number of molecules in a single file would determine the P f /P d ratio, typically greater than unity in water channels (22, 59, 83) . The exclusion of small ions, and protons in particular (75, 131) , further suggests that size exclusion, but also other mechanisms such as electrical filtering, determine aquaporin selectivity. The comparative structure/function analysis of aquaporins with distinct selectivity profiles, such as plant TIPs and animal AQP-3, will be of great interest to address these issues.
Water is thought to flow across the water channel pore in either direction, down its potential gradient. However, early reports (quoted in 57) mentioned a difference in the rates of plasmolysis and deplasmolysis of plant protoplasts. This might well be explained by a solute sweep-away or other unstirred-layer effects during osmosis (14) . However, more precise analyses of hydrostatic or osmotic water movements in Nitella suggest that these cell membranes at least possess an intrinsic capacity to rectify water flow, by a factor of 1.1 to 2.7 (15, 51, 57, 108, 121) . It remains to be determined whether this polarity results, as first proposed, from a water flow-induced dehydration of the lipid membrane (15) or, in view of the most recent studies, from intrinsic features of water permeability in membrane channels or from their differential expression and/ or regulation in subcellular membrane domains (see below).
THE REGULATION OF AQUAPORIN ACTIVITY
Although not fully understood, the large variability of water permeability values reported in different plant cell types (Table 1) suggests the importance of species specific, developmental, and physiological factors in determining water transport in plant membranes. In Chara, the L p of internodal cells depends on their distance from the apex and on the vegetative and reproductive status of the plant (120) . L p can also be modulated by the external solute (15, 56) or CO 2 (120) concentration. In addition, in higher plants numerous physiological processes might involve the modulation of transmembrane water transport. For instance, the L p of roots varies in response to a variety of environmental factors including diurnal cycling, drought and salinity, low temperature, and nutrient and O 2 deficiency (5, 10, 85, 104, 135) . Phytochrome (Pfr) (9) and auxin (64) were shown to increase the deplasmolysis rate of epidermal cells of Taraxacum and Allium, respectively, while abscisic acid (ABA) down-regulates water transport in carrot disks (26).
Changes in membrane lipid composition and fluidity are known to occur during plant development (111) or in response to specific physiological conditions (10, 72) . These changes might provide plant cells with distinct baseline membrane water permeabilities (61, 96) . However, water channel proteins appear as the most powerful means to mediate rapid and large amplitude changes in the water transport capacity of membranes.
Gene Expression
A detailed description of plant cell types and tissues known to express aquaporins is presented in Table 2 . Although aquaporin expression can be found in most tissues, the distribution of each individual aquaporin isoform is under tight developmental and physiological control and suggests specific roles for each of these proteins. For instance, several aquaporins (Arabidopsis δ-TIP, tobacco pRB7) are preferentially expressed in the parenchyma cells of vascular tissues and are possibly involved in long-distance water transport (17, 128) , whereas other isoforms (Arabidopsis PIP1b/AthH2, γ-TIP) have patterns associated with elongating and differentiating cells (48, 65) . Detailed analyses of seed-specific expression of α-TIP indicated that developmental control of plant aquaporins can be exerted at the levels of gene transcription, translation, or subcellular routing of protein (reviewed in 73). Table 2 also shows that aquaporin expression can be controlled by various hormonal (ABA, GA 3 ) or environmental factors (blue light, water stress, pathogen infection) (48-50, 82, 86, 126, 127) . Of particular interest is the up-or down-regulation of aquaporin genes from Arabidopsis, ice plant, and sunflower in response to drought or salinity that supports a role for these proteins in regulating overall plant water balance under stress conditions (126, 127) (X Sarda, D Tousch & T Lamaze, personal communication). All these factors can interact in providing each aquaporin with a physiologically relevant pattern of expression. The γ-TIP gene, for instance, is preferentially expressed in elongating tissues or after stimulation by GA 3 (65, 86) . The TobRB7 promoter contains two distinct regulatory cis-acting elements that direct root-specific expression, under normal developmental conditions or after root-knot nematode infection (82, 128) .
Although more work is needed to integrate the spatial and temporal expression of all plant aquaporin isoforms, the variety of these isoforms and expres-sion patterns might well reflect the need for distinct cell types and tissues to accommodate various hydric requirements in specific physiological conditions.
Cell Localization
It is well known that water reabsorption in the mammalian kidney is regulated by vasopressin via the rapid (<5 min) insertion and removal, by a vesicle shuttle mechanism, of AQP-2 proteins in the apical membrane of collecting duct epithelial cells (reviewed in 54). Although similar dynamic regulation has not been reported for plant aquaporins, their very strict subcellular localization points to a critical role in the functional specialization of membrane compartments or even domains. For instance, γ-TIP and α-TIP can coreside in the same seed parenchyma or root tip cells, but are confined to, respectively, the protein storage vacuole or the nascent vegetative vacuole (38, 84) , two functionally distinct vacuolar compartments (84) . In Arabidopsis mesophyll cells, PIP1 aquaporins accumulate in highly convoluted invaginations of the plasma membrane called plasmalemmasomes (94) . This might indicate local regulation in water permeability for membrane domains in close contact with the tonoplast.
Posttranslational Modifications
α-TIP can be phosphorylated in bean seeds by a tonoplast-bound calcium-dependent protein kinase (45). Putative aquaporins in the spinach leaf plasma membrane are also phosphorylated, in response to changes in apoplastic water potential (44). The protein kinase(s) and protein phosphatase(s) that target plant aquaporins may thus provide an efficient link between water transport and the signaling cascades involved in plant cell osmoregulation (44, 73).
The functional significance of α-TIP phosphorylation was investigated in Xenopus oocytes (74) . For this, a set of site-specific mutants of α-TIP where three putative phosphorylation sites were disrupted, individually or in combination, was used for in vitro and in vivo phosphorylation by animal cAMP-dependent protein kinase (PKA). Parallel functional assay of these mutant proteins showed that direct phosphorylation of α-TIP at these three sites stimulates by 100-150% its water channel activity. From these and similar results obtained on animal AQP-2 (60), it has been proposed that aquaporin phosphorylation can provide a mechanism to control in situ opening and closing of water channels (60, 73, 74) . Alternatively, this might represent a signal for subcellular protein transport, as suspected in the specific case of AQP-2 regulation by vasopressin (62) .
Other posttranslational modifications occur in aquaporins, such as the proteolytic maturation from a larger precursor of a 23-kDa TIP in pumpkin seeds (41). They possibly represent novel mechanisms for regulating aquaporin expression and activity.
Other Regulatory Mechanisms
The endo-and exo-osmotic L p measured in Chara cells by transcellular osmosis can be differentially inhibited by, respectively, pCMBS or the K + channel blocker nonyltriethylammonium (122) . This suggests the presence of distinct types and/or regulations of water channels at the two poles of the cell, which may explain the observed cell polarity for water transport. In particular, the specific sensitivity of endoosmotic water flow to cytochalasins B and E points to a role for the actin cytoskeleton in regulating the activity or localization of some of these water-transport proteins (121) .
The L p of giant-celled algae can also be modulated in response to hydrostatic or osmotic pressure gradients (15, 56, 107, 108, 137) . For instance, the intracellular and extracellular osmotic pressures can induce a linear increase by up to 100% and 30%, respectively, in the hydraulic resistance of Nitella flexilis membranes (56) . A pressure-dependent membrane behavior has also been observed in the leaf cells of the higher plant Elodea (Table 1 ; 109), but was found in neither Tradescantia nor Mesembryanthemum (see references in 105). Turgor-and concentration-dependent water permeability might be of prime importance to plant cell water relations, but its molecular mechanisms remain unknown. This phenomenon seems to be related to the polarity of water transport observed in certain cells, because polarity was stronger at high tonicity (57) , and similar mechanisms involving lipid membrane extension or folding, compression, or dehydration have been proposed to explain the two phenomena (reviewed in 103). None of the cloned plant or animal aquaporins has been reported to be directly gated by hydrostatic or osmotic pressure gradients.
THE INTEGRATED FUNCTION OF AQUAPORINS IN PLANTS
Studies in animals clearly indicate a role for aquaporins in renal functions and more generally in epithelial fluid absorption/secretion. In contrast, the function of aquaporins in red blood cells or as putative osmoreceptors in the brain remains unclear (54) . The physiological and developmental processes that involve aquaporin function in plants can be inferred from the expression pattern of these proteins, but this provides no direct indication on their basic cellular function(s). For instance, water-stress regulated aquaporins might contribute to the tolerance of plants to drought or salinity, but it is not clear whether they are involved in adjusting the overall L p of the plant to its growth capacity (126) , locally facilitate water mobilization toward critical cells and organs during drought (12) , or help in preadapting dessicated tissues to a sudden rehydration stress after drought (75) .
Transcellular and Long-Distance Water Transport
In plants, most of the long-distance longitudinal transport occurs through phloem and xylem vessels that pose no or poorly resistant membrane barriers to water flow. In contrast, the intense water flow that radially traverses roots and leaves is mediated through nonvascular living tissues (7) . The respective roles of the apoplasmic (across cell walls) and cell-to-cell paths followed by water in these tissues are still a matter of debate and may well depend on the physiological conditions, the organ or the plant species considered (Figure 2 ; 7, 104). Although it has been interpreted that cell-to-cell water transport mostly occurs by the symplasmic path (across plasmodesmata) (Figure 2 ; 85, 135), it has not been experimentally possible to distinguish its contribution from that of the transcellular path (across membranes). Aquaporins, in particular those at the plasma membrane (PIPs), might play a major role in controlling the latter (12) . However, cell types where transmembrane water flow might be limiting remain to be clearly identified. In roots, the Casparian band of endodermal cell walls is thought to create an impediment to radial water flow toward the stele and the vascular tissues (85, 104) . This means that either in the root cortex or in the endodermis, apoplastic water flow has to enter the symplasm. The expression of PIP1 aquaporins higher in the root endodermis than in the root cortex of Arabidopsis (A Schäffner, personal communication) rather fits with the latter possibility. The xylem parenchyma cells are also a site of high aquaporin expression (Table 2 ) and surely play a key role in controlling osmotic and hydrostatic water movements.
Although integrated models of water transport in roots have been proposed (85, 104) , a direct answer to these questions will require the precise quantification of membrane P f in the different root cell types. The combination of the cell and root pressure probes, together with the use of mechanically modified roots bring a first hint at these questions (5, 24, 104) . The use of plants altered in the expression or activity of root aquaporins will be helpful to complement these approaches.
The blockade of aquaporins by mercury has recently been taken as a basis to investigate the overall role of cellular membranes in long-distance water transport (10, 32, 69) . Maggio & Joly (69) measured pressure-induced sap flows in excised tomato roots and found that treating these roots with 0.5 mM HgCl 2 induced a 57% decrease in their hydrostatic L p , without any change in global K + transport. Carvajal et al (10) demonstrated an effect of a lower HgCl 2 concentration (50 µM) on sap exudation in excised wheat roots. Although their measurements of osmotic L p in roots are more questionable than the hydrostatic L p measurements performed by others (69, 103) , their results suggest that the down-regulation of mercury-sensitive water channels might account for the decrease in root L p observed upon nitrogen or phosphorus deprivation. A simultaneous reduction in plasma membrane fluidity points to a complementary role for lipids in regulating membrane permeability (10) . The osmotic extension and shrinkage of peeled sunflower hypocotyl segments was also slowed down after mercury treatment (32). Although mercury-induced change in L p has been identified in these three approaches, it remains unclear whether aquaporins were the target of the inhibitor. Mercury may target other membrane transport proteins or act as a metabolic poison, thus greatly altering local water potential gradients. However, mercury inhibition could be reversed in all cases by reducing agents, suggesting that the blocker did not alter intratissue organization.
Cell Volume and Osmoregulation
The abundance of aquaporins in the tonoplast of different cell types (46, 67, 70) and the few reports on water transport in vacuoles (58, 100, 113, 125; C Maurel, F Tacnet, J Güclü, J Guern & P Ripoche, unpublished manuscript), both suggest that most plant cells exhibit a high tonoplast water permeability. This might provide the cells with a reduced vacuolar resistance to transcellular water flow (12) . The observation that in tobacco suspension cells and in onion epidermal cells the tonoplast can be up to 100-fold more permeable to water than the plasma membrane (Table 1) suggests a second role for water transport at the tonoplast (75) . In many plant cells, the vacuole(s) occupies most of the interior, and the cytoplasm is restricted to a thin layer between the tonoplast and the plasma membrane ( Figure 2 ). Nonlimiting water transport at the tonoplast might allow plant cells to efficiently use their vacuolar space to buffer osmotic fluctuations occurring in the cytoplasm (75) . This would, in particular, avoid the collapse or the swelling of the latter, in case of a sudden osmotic challenge originating from the extracellular space. The clustering of Arabidopsis plasma membrane aquaporins, in plasmalemmasomes that protrude deep into the vacuole (94), might also contribute to optimizing water exchange between the vacuole and the apoplast, with minor osmotic perturbation in the cytoplasm. All together, these studies strongly suggest an original osmoregulatory function of aquaporins in plant cells directly related to the typical compartmentation of these cells.
The role of cell L p (water supply) in controlling extension growth is still unclear (7, 104) . A baseline water permeability at the plasma membrane of individual elongating cells could be a priori sufficient, even under a reduced water potential gradient, to account for the overall flow of water that mediates their relatively slow expansion. Such hydraulic resistance might also explain the disequilibria in water potential observed in growing tissues (7) . However, a high L p has been reported for some elongating cells and might be necessary for a cell-to-cell supply of water, from xylem to growing tissues (13, 104) . Accordingly, the plasma membrane aquaporin PIP1b is preferentially expressed in the elongating cells of Arabidopsis root and hypocotyl (48). The parallel expression of γ-TIP in these cells (65) might reflect a critical role for tonoplast aquaporins during vegetative vacuole differentiation and expansion. This would permit, in particular, water uptake into the vacuole or transvacuolar water flow in quasi-isoosmotic conditions.
Aquaporins are surely involved in some other aspects of plant cell turgor and volume regulation: for instance, the re-imbibition of dessicated plant cells that can occur during seed germination (73, 74) or after exposure to drought.
The observation that pollen grain hydration in Brassica is regulated through protein synthesis in the stigma and that this control possibly relates to the self-incompatibility mechanisms (95) might also suggest a key role for aquaporins in plant reproduction. Finally, plant infection by root knot nematodes leads to the swelling of two adjacent root cells that serve as nutrient reservoirs and feeding site for the parasites. The trans-induction of aquaporin pRB7 by the pathogen in these cells provides a striking example of the role that aquaporins may play in adjusting membrane P f to cell size and water demand (82) .
In conclusion, aquaporins seem to fulfill two main functions in plants, in individual cell osmoregulation, on the one hand, and in the control of trans-cellular and -tissue water transport, on the other hand. These two functions appear to be intrinsically related to the dual presence of these proteins, respectively, on the tonoplast and the plasma membrane (Figure 2 ).
PERSPECTIVES
The discovery of aquaporins in plants and other organisms provides a molecular basis for the passive permeability of membranes to water. Beyond its immediate implications in molecular biophysics, this discovery has raised a novel emphasis on the notion of hydraulic conductivity of plant membranes, cells, and tissues and opens new perspectives to understand the role and the complexity of this parameter. Two major points have received strong molecular support from the most recent work on plant aquaporins. First, the hydraulic conductivity of membranes appears to be crucially determined at the spatial level in the plant. This control is exerted down to the level of subcellular compartments and maybe even membrane domains and determines fundamental features of cell organization and polarity. In particular, water transport in and through the plant cell is intrinsically related to its compartmentation into vacuole and cytoplasm. The spatial control of membrane hydraulic conductivity also contributes to determining water exchange between adjacent cells. This is especially important because, due to plant tissue organization, any single cell type has to cope with specific and local water potential gradients. Finally, aquaporins likely participate in the complex integration of water movement in the whole plant. For instance, the radial flow of water in roots that involves distinct parallel paths converging toward the vascular tissue of the stele illustrates the expected complexity of this integration and can now be addressed in molecular terms. The second idea that emerges is that a large variety of regulatory mechanisms can now be envisaged that can control the intensity of transmembrane water flow and its relative contribution to total water transport. These mechanisms allow a dynamic adjustment of membrane properties and appear to be integrated in most developmental programs, from seed to flower, and in a variety of physiological responses to biotic and abiotic stimuli. The discovery of aquaporins has directed our attention to the importance of water transport regulation in most of these processes. Conversely, the need for such an extended spatial and temporal control of water transport through plant membranes may well provide a basis to explain the wealth of aquaporin isoforms and associated regulatory mechanisms that are being discovered.
The description of as yet unidentified plant aquaporins and their expression patterns will surely reveal new physiological situations that involve aquaporin function. Nevertheless, numerous molecular probes are already available that allow accurate aquaporin mRNA and protein quantification and localization in plant cells. These tools, coupled to accurate water permeability measurements by means of the cell pressure probe or stopped-flow spectrophotometry, should enable the development of novel cell biological approaches for investigating the variety of physiological and developmental regulations that have already been identified in algal and higher plant cells. The most exciting developments opened by aquaporins discovery might yet be expected in the field of genetics. In human beings, individuals mutated in the AQP-1 and AQP-2 genes have provided valuable insights into the physiological significance of these aquaporins (19, 71, 90) . In plants, reverse genetics using antisense aquaporin transgenes seems to be equally promising (48) (R Kaldenhoff, personal communication). The development of other genetical strategies, such as transposon or T-DNA insertion mutagenesis, should allow a more accurate targeting of aquaporin genes and functions.
In conclusion, aquaporins provide a molecular basis to the passive transport of water across plant membranes. However, it remains crucial to dissect the complementary mechanisms that determine the driving forces responsible for water transport and balance at the different organization levels of the plant. We are just at the beginning of understanding the entire significance of plant aquaporins, but the characterization of these proteins has already inseminated original physiological and theoretical approaches to the study of plant water relations (10, 69, 106) . 25 . Glinka Z, Reinhold L. 1962. Rapid changes
